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In Monsoonal Southeast Asia, a major constraint to food production is the irregularity of 
rainfall. Combined with a range of environmental constraints limiting food production, these 
factors maintain a significant portion of the population in high levels of malnutrition. The 
national nutrition strategy of Lao PDR recognizes the need for investments in small-scale 
agricultural water management technologies to increase fruit and vegetable production in 
the dry season. In areas where rivers, lakes and other sources of surface water are 
inaccessible and where groundwater is either too deep or with excessive salinity, rooftop 
rainwater harvesting systems (RWHS) are traditionally used for domestic water supply. 
However, agricultural use of rooftop-harvested rainwater is limited because of the 
prohibiting cost of the required high storage capacity tank. Cost-effective RWHS for 
agricultural production should be designed appropriately by determining the optimal tank 
storage capacity that minimize costs while ensuring sufficient water availability to minimize 
risks of water shortage. 
 
This study assessed the feasibility of using RWHS to irrigate home-based vegetable gardens 
in Laos. Surveys were conducted in three villages located in the provinces of Vientiane and 
Savannakhet to gather quantitative data on irrigation and farming practices. A model 
combining a RWHS water balance and a crop water balance was developed to simulate 
various scenarios of cropping cycles irrigated by a RWHS with varying dimensions. This 
model ran at a daily time step aimed to assess how the roof and vegetable garden areas and 
tank capacity influence crop yields, for different cropping calendars and rainfall years. 
 
Results from farm surveys show that farmers usually grow five main vegetable species, for 
self-consumption mainly, in gardens with an average size of 50 m2. Over this area, a 7.3 m3 
water tank is require to maximize yields if five cycles are cropped annually over both the dry 
and the wet seasons of an average climatic year. According to the field surveys showing that 
the mean storage cost is about 50 USD/m3, a 7.3 m3 tank would costs about 365 USD, not 
affordable by smallholder farmers. Doubling the size of the roof collecting runoff from 100 
m2 (mean roof area in the surveyed villages) to 200 m2 has a moderate effect on the required 
storage capacity that reduces from 7.3 to 5.7 m3. To reduce costs, two options are 
foreseeable: 1/ reducing the garden area to 10 m2 allows maximizing vegetable yields during 
an average rainfall year using a 50-USD storage tank of one cubic meter; 2/ restricting the 
vegetable growing period to the wet season between May and September. By doing so, a 
tank not exceeding 0.5 m3 of storage capacity connected to a 100 m2 roof can nearly double 
crop yield. Lower requirement in storage capacity for yield maximization in the wet season 
results from recurrent tank refill by rains. 
 
To account for the effect of inter-annual rainfall variability on vegetable yields, simulations 
were performed with a 3-m3 storage tank connected to a 100-m2 roof and irrigating five crop 
cycles annually. In garden areas under 14 m2, crop yields are secured any years. In garden 
areas between 14 and 25 m2, crop yields are affected by water scarcity in less than half of the 
rainfall years and can decline by 18% in the driest years. In a 50-m2 garden, yield loss caused 
by rainfall scarcity can reach 33%. Above 50 m2, yield decline is observed any years. When 5 
cycles are cropped annually, splitting the garden in plots with time-lagged crop starting date 
allow increasing yield by up to 3%. Other simulations showed that the yield decrease caused 
3 
 
by water stress under a shelter protecting vegetables against drop impacts and diseases is 
minor and never exceeds 0.5 kg.m-2. For storage capacities above 1 m3, there is no yield 
decrease caused by the shelter. 
 
Finally, a cost-benefit assessment was performed to estimate the net benefit of producing 
vegetables using a RWHS. The net benefit is much more sensitive to change in vegetable 
market prices (benefit increases by 78% for a 100% increase in the market price of 
vegetables) than to variations in tank depreciation costs (benefit increases by 12% for a 50% 
reduction of the tank depreciation cost), and this difference in sensitivity tends to increases 
with larger tank capacities. These simulations exemplify the potential of the model 
developed under this project to explore a wide range of scenarios with the aim to optimally 
design cost-effective and sustainable RWHS for food security of smallholder farmers. 
1. Introduction 
Most of agriculture lands in the developing world remain unirrigated either because of the 
lack of socio-technical and financial means or because of unfavorable environmental 
conditions (Siebert et al 2013). In Southeast Asia where the climate is controlled by the 
monsoon, a major constraint to food production is the irregularity of rainfall. With the 
population growth and economic development, food requirements during the 6-month dry 
season tend to exceed the traditional supply from reserve of wet season rice (Johnston et al 
2012), non-timber forest products (WFP 2013), and local markets. In addition, access to 
forested areas is increasingly constrained by deforestation and legal restrictions. As a result, 
a significant portion of the population continues being exposed to high levels of 
malnutrition (Haddad et al 2015) because of imbalanced and monotonous diet (Eliste and 
Santos 2012). In Laos, rice is the staple food with per capita rice consumption being the 
world highest, amounting 163 kg/year (Eliste and Santos 2012) and accounting for 
approximately 83% of total dietary energy consumption among rural population (UNICEF 
2012). Although rice is a high-calorie food, it has a low nutritional value (Lao Statistics 
Bureau 2012). The national nutrition strategy of Lao PDR (NNC 2015) recognizes the need for 
investments in small-scale agricultural water management technologies to increase fruit and 
vegetable production in the dry season. While improvements in irrigation infrastructures 
targeted regions endowed with favorable natural conditions (e.g. Mekong Corridor) (Ministry 
of Agriculture and Forestry 2010), and focused on rice production predominantly (FAO 
2012b), regions with urgent need for greater nutrient intake are often located in remote 
areas with limited access to water resources. In Laos, several traditional techniques exist to 
access water outside of large irrigation schemes during the dry season. Traditionally, farmers 
use hand-made weirs to divert water from streams to hand-dug canals conveying water to 
the fields by gravity (Ireson 1990; Schiller et al 2006). However, if rivers and lakes are too far 
away and groundwater is either too deep or with excessive salinity, RWHS are traditionally 
used for domestic purposes such as cooking, washing and drinking (Miles 2015), as observed 
in Thailand (Luong and Luckmuang 2002) and Vietnam (Özdemir et al 2011; Wilbers et al 
2013). In some rare cases, RWHS are used for irrigation, as observed in China (Liang and van 
Dijk 2011), Singapore (Astee and Kishnani 2010) and Italy (Lupia et al 2017). In developing 
countries, agricultural use of water from RWHS is limited due to crop water demand 
requiring large amount of water and the associated high cost of required water tank. In a 
RWHS, a gutter collects runoff from a roof and drains it into a storage tank. A piper 
distributes the tank water to the field. The main advantages of a well-designed RWHS is that 
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it doesn’t require pumping costs if it can be operated by gravity only. The tank is usually the 
most expensive part of a RWHS (Thomas 2014). Its storage capacity needs to be minimized 
to save costs while too small storage capacity limits water availability during the dry season 
with increased risks of water shortage. Many studies have attempted to calculate the optimal 
storage capacity for a specific water demand. For example, Hanson and Vogel (2014) 
established a generalized statistical relationships to predict optimal storage capacity of 
RWHS from rainfall pattern for the whole continental USA. In Australia, Khastagir and 
Jayasuriya (2010) estimated optimal storage size from annual rainfall, rainwater demand, the 
roof area and the desired supply reliability. In Taiwan, Liaw and Tsai (2004) employed a 
simulation model to estimate the most cost effective combination of roof area and storage 
capacity that best supplies a specific volume of water.  
 
This study aims to assess the feasibility of using RWHS to irrigate home-based vegetable 
garden in Laos. The following steps are performed: 
 
- Surveys conducted in 3 villages gathered quantitative data on farming practices, 
- A water balance model was developed to simulate various scenarios of cropping 
cycles with varying sizes of roof, garden and storage and calculate the corresponding 
water supply, 
- Coupling the water balance model to a crop water requirement model allowed 
assessing the effect of the varying RWHS dimensions on crop productivity, 
- The integration of these results led to recommendations in terms of RWHS sizing for 
a given household food demand. 
 
2. Study area 
Field surveys were conducted in the villages of Ban Ekxang (102.5°E;18.5°N), Ban Phousan 
(102.5°E;18.5°N) and Ban Phon Ngam (102.4°E;18.4°N), all located in the Vientiane Province 
in Laos (Figure 1). In addition, results collected from these surveys were presented during a 
farmer’s training session in the drought-prone village of Ban Phailom (105,1°E;16,6°N) 
located in the province of Savannakhet, central Laos. The objectives of this training were to 
validate our finding trough group discussions with farmers. Both Ban Ekxang and Ban 
Phailom villages are part of the climate smart villages selected for the CGIAR research 
program on Climate Change, Agriculture and Food Security (CCAFS). Both the Vientiane and 
Savannakhet provinces, as is the case with much of Lao PDR, are subject to a tropical 
monsoonal climate with distinct wet (May to October) and dry (November to April) seasons. 
Mean annual temperature and rainfall are about 27°C and 1,300mm in the 2 provinces, with 
more that 80% of annual rainfall occurring during the wet season. Average wind speed (< 
2m.s-1) is low and mean relative humidity (75%) is high. In contrast with the three studied 
villages in the Vientiane Province, well connected to markets and other facilities with roads in 
relatively good conditions over short distances, Ban Phailom is a remote village, more than 
50 km away from Savannakhet city, accessible through a bumpy roads where transport 
speed cannot exceed 20 km/hour. Although villagers in Ban Ekxang rely on two small rivers 
for fishing and irrigation, access to surface water remains limited. Irrigation and domestic 
water uses rely mostly on groundwater with shallow or deep wells. Villagers often encounter 
water scarcity problems as many of these wells dry up at the end of the dry season in April 
and May. In 2011 and 2013, prolonged drought periods forced many farmers to deepen their 
5 
 
wells by up to 9 meters (Grant et al 2015). In Ban Phailom in Savannakhet Province, the 
situation is even worse: the absence of surface water in the dry season cannot be alleviated 
by groundwater which is deep and too saline for irrigation. Farmers rely on ponds only for 
irrigation. 
 
Figure 1: Location of surveyed villages (small black circles) and major cities (larger red circles) 
3. Materials and methods 
Two main activities were performed: field surveys (section 3.1) and development of a water 
balance model to simulate irrigation scenarios with a RWHS (section 3.2). 
 
3.1 Surveys among farmers 
Surveys among farmers growing dry season vegetables aimed to i/ collect quantitative 
information on cropping and irrigation practices, ii/ quantify the amount of water used to 
irrigate vegetables, and vegetable yields, iii/identify factors constraining irrigation, and iv/ 
assess costs of small-scale irrigation. Interviews were conducted among 3, 4 and 6 
households in the villages of Ban Ekxang, Ban Phousan, and Ban Phon Ngam, respectively, 
each interview lasting about an hour. 
 
3.2 Water balance modelling 
The objective of the modelling was to evaluate the optimal volume of the tank used to 
collect rooftop rainwater to irrigate and produce vegetables. Optimality involves both 
minimization of construction cost (by reducing the reservoir volume) and minimization of 
risks of water shortage (by maximizing the reservoir volume). A spreadsheet-based daily 
water balance model was developed to simulate variations of the water volume (V) stored in 
a tank collecting rooftop rainwater, and delivering irrigation water according to the crop 
water demand and irrigation practices. A coupled crop water model allowed converting the 
simulated supplied water into vegetable production. Model input includes daily time series 
of rainfall (R) and reference evapotranspiration (ET0) used to compute the crop water 
demand (WD). The model includes several parameters that determine the size and type of the 
roof, the size of the vegetable garden, cultivated crop species and associated water demand 
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(WD). At the end of each crop cycle, the total vegetable yield (Ya) is compute using formula 
available in Allen et al (1998). 
3.2.1 Input variables 
Monthly ET0 in each of the 3 studied villages was computed by applying the FAO grass 
reference evapotranspiration equation (Ekström et al 2007) to climate variables extracted 
from the Climatic Research Unit database (Harris et al 2014) covering the period 1901-2009 
with a spatial resolution of 0.5° × 0.5°. Time series were quality-controlled through 
comparisons with pan evaporation records (Epan) provided by the Mekong River Commission 
(MRC) for the period 1962-1998 in Vientiane, assuming a pan coefficient (Kpan) of 0.85, 
typically observed in Vientiane (Doorenboos and Pruitt 1977). Daily rainfall data recorded at 
the meteorological station of Vientiane for the period 1953-2004 was provided by the 
Department of Meteorology and Hydrology. The time series were quality-controlled and 
found to be free of gaps and outliers. Rainfall is converted to rooftop runoff with a runoff 
coefficient (Runoff/Rainfall) that varies according to roof types. To account for water losses 
by deep percolation and surface runoff in the vegetable garden, effective rainfall (Re) was 




Figure 2. Relationship between effective and actual monthly rainfall (Brouwer and Heibloem 
1986) 
 
3.2.2 Water demand and crop yield 
The daily water demand (Wdi) of day i was computed for several vegetable species 
commonly cultivated in Laos, using the FAO formula (ETC = Kc × ET0) where ETC and Kc are 
the daily crop evapotranspiration under standard conditions and the daily crop coefficient, 
respectively. Kc varies over the cropping cycle according to the growing phases (crop 
establishment, crop development, flowering and maturation) and the crop itself. Kc values 


























2013) assuming sub-humid climate conditions referred in the various sources of data. The 
duration of each growing phase was obtained by dividing the total duration of the crop 
cycles collected during the field surveys by ratios available in Allen et al (1998). Wdi was 
calculated using equation 1 where Aij is the area cultivated with vegetable j on day i. This 
information was collected during the field surveys. Σ denotes the summation performed on 
all vegetable species. 
Wdi = Σ max [(Kc × ET0 – Re) × Aij, 0] Equation 1 
 
For each vegetable crop, the crop yield Ya was computed as follows (Allen et al 1998): 
 
(1-Ya/Ym) = Ky (1 – ETC adj/ETC) Equation 2 
 
where Ky is a yield response factor, Ym is the maximum harvested yield, and ETC adj is the 
actual crop evapotranspiration. Based on average values available in Doorenboos et al 
(1986), Ky was set to 1. Ym values were estimated based on information collected during the 
field surveys. ETC adj was assumed to equate Min (Wd, Vi) where Vi is the volume of available 
water in the tank on day i, calculated with equation 3. Due to limited rooting depth, high 
climatic evapotranspiration demand and sandy soils with high percolation rate (Mekuria et al 
2016), the available amount of soil moisture to possibly compensate reservoir water shortage 
was assumed to be negligible. In this study, crop yield varies according to water availability 
only (i.e. ETC adj in equation 4). Other constraints such as pests, diseases, nutrient deficiencies 
of the soil are not considered. These assumptions are expected not to distort the values of 
the model parameters maximizing yields or minimizing costs (e.g. tank volume, garden and 
roof areas). 
 
3.2.3 Model structure and functioning 




























 Equation 3 
where Vtank is the volume of the water tank and Rwi in the inflow to the tank on day i 
computed with equation 4: 
 
Rwi = Ri x Sr x B Equation 4 
where Sr is the roof surface, Ri is total rainfall on day i, and B is the loss coefficient of the 
roof. Typical materials for roofing include corrugated iron sheet, asbestos sheet, tiles, slate, 
and thatch from a variety of organic materials. Corrugated iron sheet is the most commonly 
roof material in many developing countries, as in Laos with loss coefficients varying between 
0.7 and 0.9 (SOPAC 2004). The average 0.8 is used in this report. 
 
3.2.4 Simulations 
The water storage tank is the most expensive component of the RWHS. Its cost increases 
with the size of the tank. It is therefore necessary to minimize its size while preserving a 
sufficient storage capacity to ensure that enough water is available to irrigate the vegetable 
garden during the dry season. Several simulations were performed to assess how different 
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4.1 Field surveys 
 
4.1.1 Vegetable species and farming practices 
The surveys showed that several vegetable species are commonly grown in the home 
gardens of the three study villages. Households tend to combine several species in the same 
garden, producing little amounts for each species but with great diversity. Main species 
include spring onions (Allium fistulosum), green and Chinese mustard (Brassica juncea), 
lettuces (Lactuca sativa), morning glories (Ipomoea aquatica), eggplants (Solanum 
melongena), chili (Capiscum annuum), chinese cabbages (Brassica rapa subsp. Pekinensis), 
coriander (Coriandrum sativum), mint (Mentha), beans (Phaseolus) and herbs.  
Table 1 compiles the durations of crop cycles and average yields collected from the surveys. 
 
Most of the vegetable species listed in  
Table 1 have a growing cycle not exceeding 2 months, enabling farmers to harvest a plot 
more than once a year. All these vegetable species can be cultivated throughout the year. 
During the wet season, a shelter made of a plastic roof supported by a basic wooden 
structure protects the vegetables from heavy rainfall, pests and diseases. The annual number 
of vegetable cycles per plot varies between farmers. Although warmer temperature and 
increased moisture stimulate the spread of pest and diseases during the monsoon, these 
climatic factors never become a physical constraint limiting yields under current climate 
conditions. Therefore, up to five crop cycles across the year could help increase the 
vegetable production. While six cycles could fit within the year, farmers reported problems of 
fertility depletion of soils above 5 cycles. 
 
Table 1. Survey results from Ban Phon Ngam village: duration of growing cycles and vegetable 
yields 
 Duration of the cycle (days) 
Number of households 
cultivating the species Average yield (kg/m
2) 
Lettuce 30 1 2 
Green Mustard 40 3 1.45 
Morning glory 30 3 1.25 
Coriander 40 3 0.78 
Mint 27 1 0.5 
Chili 52 2 n.a. 
Spring onion 45 1 n.a. 
Spinach 37 2 0.2 
Pumpkin 75 1 n.a. 
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Cont. Table 2. Survey results from Ban Phon Ngam village… 
 
 
Duration of the 
cycle (days) 
Number of households 
cultivating the species Average yield (kg/m
2) 
Chinese mustard 45 1 2.3 
Eggplant 75 1 n.a. 
Dill 30 1 0.7 
Fish mint 30 1 0.7 
 
 
Figure 3: Vegetable garden in Ban Ekxang 
 
4.1.2 Irrigation systems 
In the three surveyed villages, water for irrigation is usually pumped from wells and ponds. 
Only one interviewee collects water from her shelter roof using a RWHS tank in plastic (1.26 
m3). Modes of water application and irrigation calendars vary across the villages. In general, 
crops are irrigated once daily during the wet season and twice daily during the dry season. 
Table 3 provides estimations of actual irrigation water amounts applied by the five surveyed 
households (HH) to several vegetable gardens in Ban Phon Ngam village. All gardens are 
located less than 50 meters from the source of water. Irrigation applied by HH4 during the 
dry season far exceeds typical daily water requirements. Justification provided by HH4 is a 





Table 3: Estimated irrigation depths in Ban Phon Ngam 







Shelter Irrigation depth 
(mm/day) 
Dry season Wet Season 
HH1 Hand-dug well + small RWHS 54 0.5 Yes 18.5 9.3 
HH2 Pond 50 0.1 No 4 0 
HH3 Pond 72 0.3 No 8 0 
HH4 Pond 27 0.3 No 21.3 0 
HH5 Deep well 300 0.6 Yes 4 2 
 
   
Figure 4: Left: dug well in Ban Ekxang. Right: tube well in Ban Phousan 
4.1.3 Constraints and enabling factors for vegetable production 
Availability and access to water and land are the main constraints for vegetable production 
in the 3 studied villages where the total vegetable garden area per household varies from 
less than 50 m2 to 800 m2. The largest vegetable gardens are located in Ban Ekxang where a 
shallow water table provides convenient and cheap water access in dug wells and ponds. 
Most of the households own an electrical pump and a garden hose saving effort and time to 
fetch water. Some of the farmers apply water-efficient irrigation techniques such as drip 
irrigation. Vegetables are consumed locally or sold on local markets. In Ban Phousan, farmers 
spend more time fetching water from remote ponds unequipped with pumps. Most of the 
water resources were found more than 50 meters away from the gardens. Therefore, farmers 
usually prepare smaller vegetable gardens (<50 m2) to cope with the less reliable water 
resources. Some farmers own a tube-well and a pump but the water yield of the wells is 
limited. Most vegetable production is for home consumption because markets are far away 
from the village. Land availability is limited and constraints vegetable production. In Ban 
Phon Ngam, half of the villagers own a shelter to protect the vegetables against heavy 
rainfalls, pest and diseases, allowing farmers to produce vegetables during the rainy season. 
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Equipment with shelter is lower in Ban Ekxang and inexistent in Ban Phousan. Unlike Ban 
Phousan and Ban Phon Ngam, Ban Ekxang has benefited from agriculture intervention 
programs that subsidized irrigation equipment like drip irrigation, and shelter for vegetable 
gardens. This financial support likely contributed to explains why vegetable gardens in Ban 
Ekxang are greater than those in Ban Phousan and Ban Phon Ngam. This description 
indicates that RWHS would best fit in the village of Ban Phousan where access to surface and 
groundwater is limited. 
 
4.2 Modeling 
4.2.1 Model calibration 
Among the wide variety of vegetable species produced in the surveyed villages (cf.  
Table 1), five were selected for the model simulations, namely lettuce, green mustard, 
morning glory, coriander and spring onion. These species are the most commonly grown 
vegetable species in the surveyed villages and their water demand characteristics (Kc) are 
easily available in the literature. The areal percentage of each of these five vegetable species 
in the irrigated garden was set to 20%. Several scenarios combining a range of garden and 
roof areas, tank storage capacities and cropping calendars were simulated to identify which 
combinations of parameter values minimize costs and maximize yields. The effect of adding 
a shelter above the vegetable garden during the wet season to protect the crops against 
raindrop impacts, excess moisture and the related spread of pests and diseases was also 
explored. In all simulations, crop water originates from direct rainfall and irrigation provided 
by the RWHS only. To capture the effect of the inter-annual variability of rainfall on yields, 
the model was run with daily time series of rainfall and ET0 recorded in Vientiane over the 
period 1953–2004. This period includes a wide range of climate conditions with annual 
rainfall ranging from 1041mm to 2292mm. Annual ET0 is more stable between years, ranging 
from 1052mm to 1171mm. 
 
4.2.2 Simulation results 
Effect of tank size and cycle date on crop yield 
Figure 5 and Figure 6 show the influence of rainfall and tank storage capacity on water 
availability for irrigation during the wettest year (May 1980-Apr 1981) and driest year (May 
1991-Apr 1992) on records. All simulations are performed for a garden area of 50 m2 and a 
roof area of 100 m2. During the first three cycles of the 1991 wet season, the total crop water 
demand and the corresponding irrigation demand are equal to 15.3 m3 and 7.8 m3, 
respectively. The difference is due to rainfall, covering about half of the crop water demand. 
Tanks with storage capacities of 2.0 m3 and 0.5 m3 can cover 100% and 81.8% of this 
irrigation water demand, respectively. During the 1980 wet season, the total crop water 
demand of the first three cycles is 16.02 m3 and the corresponding irrigation water demand 
is 10.45 m3. Tanks with storage capacities of 2.0 m3 and 0.5 m3 can cover 100% and 82.8% of 
this irrigation water demand, respectively. During the last three cycles of the dry season of 
the driest year (from November 1991 to April 1992) (Figure 5), the total crop water demand 
and the corresponding irrigation demand are both equal to 15.2 m3 because rainfall is 
inexistent. Water supplied by tanks with storage capacities of 0.5 to 4 m3 covers from 12.5% 
(1.9 m3) to 47.3% (7.2 m3) of the irrigation demand. During the last three cycles of the dry 
season of the wettest year (from November 1980 to April 1982) (Figure 6), the total crop 
water demand of the 3 cycles is 15.3 m3 and the corresponding irrigation water demand is 
15.1 m3. Water supplied by tanks with storage capacities of 0.5 to 4 m3 covers from 7.9% (1.2 
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m3) to 35.0% (5.3 m3) of the irrigation demand. As expected, the tank capacity required to 
satisfy crop water needs is far lower during the wet season than during the dry season. But 
more counter-intuitively, the water supplied by the tank during the dry season is lower in the 
wettest year (5.3 m3 supplied by a 4 m3 tank in 1981) than during the dry season of the driest 
year (7.2m3 supplied by a 4 m3 tank in 1992). This striking result is due to the few light rain 
events that happened during January and February 1992 (cf. Figure 5 a) while no rain events 
happened during the dry season (Nov 1980 – Feb 1981) that followed the wettest monsoon 
in 1980. This comparison indicates that annual cumulative rainfall is not necessarily the best 
indicator for RWHS reliability. The distribution of rain events across the year seems to be 
more relevant. This is in line with the study of Hanson and Vogel (2014) who showed that the 
























































































Figure 5. Influence of water storage capacity (b: 4 m3, c: 2 m3, d: 0.5 m3) on irrigation water 
supply during 6 consecutive crop cycles between May 1991 and April 1992 (cumulative rainfall 
= 982 mm, driest year on record). Dotted curve: water volume stored in the tank (m3). Solid 
line: crop water demand (mm/day). White area: crop water demand satisfied by rainfall. Light 
grey area: crop water demand satisfied by irrigation (mm/day). Dark grey area: crop water 
demand not satisfied by irrigation or rainfall. In all simulations, garden area = 50 m2, roof area 

























































































































Figure 6. Influence of water storage capacity (b: 4 m3, c: 2 m3, d: 0.5 m3) on irrigation water 
supply during 6 consecutive crop cycles between May 1980 and April 1981 (cumulative rainfall 
= 2286 mm, wettest year on record). Dotted curve: water volume stored in the tank (m3). Solid 
line: crop water demand (mm/day). White area: crop water demand satisfied by rainfall. Light 
grey area: crop water demand satisfied by irrigation (mm/day). Dark grey area: crop water 
demand not satisfied by irrigation or rainfall. In all simulations, garden area = 50 m2, roof area 
= 100 m2. 
 
Figure 7 shows crop yields and their inter-annual variability (caused by rainfall variability) 
according to storage capacity of the RWHS and the date of a single annual crop cycle. 
 
Figure 7. Effect of tank storage capacity on yield of one single crop cycle per year that starts on 
the first day of the month. Area of vegetable garden: 50m2. Roof area: 100m2. Black dots: 
median, boxes: 25-75% quartiles, whiskers: min and max 
Even without a water tank (storage capacity = 0), yields are greater than zero during the 
monsoon due to rainfall input supplying water to crops. In accordance with Figure 5 and 
Figure 6, Figure 7 shows that a small tank (storage capacity = 0.5m3) can nearly double crop 
yield during the wet season from May to September. Largest inter-annual variability in yields 
is observed in April and October at the transition between wet and dry seasons. While a 
storage of at least 4m3 is required to secure yields in the dry season (assuming on single 


































production. To assess the beneficial effect of a RHWS on crop yields, Figure 8 compares crop 
yields obtained with or without a RWHS, for different starting dates of the cropping cycle. In 
these simulations, only one single crop cycle is performed each year, like in Figure 7. 
 
Figure 8. Yield increase due to irrigation with tank storage capacity ranging from 0.5 to 4m3 (cf. 
legend). One single crop cycle per year starts on the first day of the month. Area of vegetable 
garden: 50m2. Roof area: 100m2. Yields correspond to a normal climatic year (median of the 52 
simulated years) 
Figure 8 shows that the highest gains in crop yield with a 0.5m3 tank are obtained during the 
wet season between May and September. During this period, the 0.5-m3 tank increases yield 
by 2.86-3.12 kg.m-2. Maximum yield (6.48 kg.m-2) is reached in August (cf. Figure 7) but 
additional storage capacity (e.g. 1m3) is required to reach this maximum in May, June, July 
and September. Up to 4m3 of storage capacity is required to reach maximum yields from 
November to March. Lower requirement in storage capacity for yield maximization in the wet 
season results from recurrent tank refill by rains. In contrast, the rarefaction of rainfall in the 
dry season explains the greater storage requirements for dry season irrigation, allowing wet 
season rainwater to be stored and used in the dry season. 
 
Effect of garden size and tank volume on average crop yield 
























































Figure 9. Crop yield according to garden area and tank volumes varying between 1 and 5 m3 
(cf. legend). In all simulations, roof area = 100 m2. Five crop cycles per year start on January 1st, 
March 1st, May 1st, July 1st and September 1st. Medium annual crop yield is selected among the 
52 simulated years 
Figure 9 shows that one cubic meter of storage capacity is sufficient to maximize crop yield 
in a 10-m2 garden for an average rainfall year. With the same 1-m3 storage capacity, yield is 
reduced by 10% if garden area doubles (i.e. area = 20 m2), by 18% if garden area triples (i.e. 
area = 30m2), by 23% if garden area quadruples (i.e. area = 40 m2) and by 28% if garden area 
quintuples (i.e. area = 50 m2). While keeping the garden area at 50 m2, increasing the storage 
capacity from 1 to 2m3 will increase the yield by 13%. Increasing the storage capacity from 2 
to 3m3 will increase the yield by 5%. Increasing the storage capacity from 3 to 4 m3 will 
increase the yield by 4%.To maximize the crop yield of the 50m2 garden, a storage capacity 
of 7.27m3 is required. 
 
Effect of roof area on required storage capacity according to garden size 
The areas of the roofs belonging to the interviewed households in the three surveyed 
villages were estimated using high-resolution satellite imageries available in Google Earth. 





















Figure 10. Required storage capacity to maximize crop yield during a normal climatic year 
according to garden area and roof area. Each curve corresponds to a distinct roof area (m2). 
Five crop cycles per year start on January 1st, March 1st, May 1st, July 1st and September 1st. 
Medium annual crop yield is selected among the 52 simulated years 
Figure 10 shows that the relationship between garden area and the required tank storage 
capacity follows a second-order polynomial with a perfect fit (R2=1.00) for whichever roof 
area comprised between 50 and 200 m2. For instance, the equation of the curve 
corresponding to a roof area of 100m2 is Sc = 0.001381*A2 + 0.075585*A + 0.049135 where 
Sc is the tank storage capacity (m3) required for a garden area A (m2). This relationship 
indicates that the required storage capacity per unit of garden area (Scu) increases in larger 
garden. For instance, a garden of 5 m2 requires 0.092 m3 of storage per 1 m2 of garden, 
equivalent to 92 mm. A garden of 50m2 requires 145mm of storage capacity. The reason is 
the limited roof size as shown in Figure 10 where greater roof size tends to stabilize Scu 
when the garden area increases (i.e. the polynomial function linking A to Sc tends to become 
a linear function as roof area increases). For a 50-m2 garden, the tank capacity needs to 
increase from 5.7 to 9.1 m3 to stabilize vegetable yields when the roof area reduces from 200 




























Effect of climatic year on crop yield 
 
Figure 11. Crop yield according to climatic year and garden area. Roof area = 100m2. Tank 
storage capacity = 3m3. Five crop cycles per year start on January 1st, March 1st, May 1st, July 1st 
and September 1st. Driest, median and wettest years were selected among the 52 years of 
rainfall records sorted according to their annual cumulative depth 
Unlike Figure 9 and Figure 10 where results correspond to the median value of the 52 
simulated years, Figure 11 illustrates variations in crop yields according to climatic years. In 
gardens with an area under 14m2, crop yields are secured any years with a storage capacity 
of 3m3. In gardens with areas ranging from 14 to 25m2, crop yields are affected by water 
scarcity in less than half of the years. During driest years, crop yields decline by 18%. As 
garden area increases from 25 to 50 m2, the likelihood of water stress and declined crop 
yield increase. Yield declines vary between 0% (wet year) and 33% (dry year). The garden 
area of 50 m2 is the upper limit above which crop yield decline is observed even during a wet 
year when the storage capacity is 3 m3. In simulations illustrated in Figure 9 to Figure 11, the 
cropping calendars of the five vegetable species cycles were the same, with cycles starting 
on January 1st, March 1st, May 1st, July 1st and September 1st. With this cropping cycle, 
average annual crop yield is 5.38 kg.m-2 for a garden area of 50 m2, a roof size of 100 m2 and 
a tank capacity of 2.5 m3. 
 
Another set of simulations aimed to assess how time lagging the crop cycles of the five 
different vegetable species affect yields. In the next simulation, the cropping cycles of green 
mustard and coriander are time-lagged by 30 days, starting on February 1st, April 1st, June 1st, 
August 1st and October 1st while the beginning of the cropping cycles of lettuce, morning 
glory and spring onion are maintained on January 1st, March 1st, May 1st, July 1st and 
September 1st. By doing so, the water stored in the tank is used for irrigation each month 
from January to October and the water demand is better spread across the year, allowing the 
tank to refill as rain happens. Consequently, the average annual yield increases to 5.47 kg.  
m-2. 
 
The second experiment consists in evaluating how the yield of each crop cycle is influenced 
by the other cycles.  
Table 4 shows that yields from the first and second cycle of the year (starting on Jan 1st and 
March 1st) are affected by other cycles: their yield is 3% and 32% lower, respectively, when 
they occur after other cycles. These two cycles happen during the dry season and largely rely 
on water stored in the tank. If other cycles happen before, they contribute to deplete the 
19 
 
water storage which is not refilled during the dry season. In contrast, yields of the third (1st 
May), fourth (1st July) and fifth cycle (1st September) are not affect by the previous ones 
because the storage tank is refilled by the rains of the monsoon between each cycle. 
 
Table 4. Crop yield (kg.m-2) per cycle  
 Cycle starting date 
 1st Jan 1st Mar 1st May 1st Jul 1st Sep 
5 cycles per year 0.86 0.64 1.29 1.3 1.3 
1 cycle per year 0.89 0.94 1.29 1.3 1.3 
 
Impact of wet season shelter on vegetable yield 
During the wet season, a shelter made of a plastic roof supported by a basic wooden 
structure protects the vegetables from heavy rainfall, pests and diseases. However, by 
preventing rainfall from reaching the ground, the shelter may water-stress the vegetable if 
the tank is empty. In such situation, vegetable yield could decrease. 
 
 
Figure 12. Wet season yield decrease in response to rainfall deprivation by shelter. Dotted 
curve: dry year. Solid curve: normal climatic year. Bold solid curve: wet year 
Figure 12 shows that yield decrease caused by the shelter is minor and never exceeds 0.5 
kg.m-2. The shape of the curves is difficult to interpret. Their variations between months 
result from the co-variability of rainfall and water availability in the tank. Losses in crop yield 
are lower during wet year because of enhanced availability of irrigation water through tank 
refilling by frequent rain events. For storage capacities above 1 m3, simulations show that 
there is no yield decrease caused by water stress. It is to be expected that the gain in yield 
resulting from shelter protection against raindrop impacts, pest and disease exceeds the loss 
caused by water stress. 
 
Economic assessment 
The tank used to store rooftop rainwater is the most expensive element of the RWHS. Its cost 
was assessed based on surveys completed by a literature review. Tanks can be made of 
plastic, stainless steel, mortar, cement, or concrete rings. They vary in size and price (Table 5) 
and the selection will depend on required storage capacity, availability on local markets and 
prices. A tank made of superposed concrete rings supported by a concrete basement was 
identified as the most convenient and cost-effective option in the surveyed villages, even 











































Tank capacity = 1 m3
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Table 5. Characteristics of water storage tanks available in Southeast Asia 
Construction material Maximum storage 
capacity (m3) 
Cost per unit of storage 
volume (USD/m3) 
Source of information 
Reinforced concrete 25 38 Laos 
Bricks and mortar 25 55 Laos 
Jumbo jar 3 55 Cambodia 
Ferrocement tank 25 60 Cambodia 
Jar made from mortar 1 63 Laos 
Concrete ring 5 46 – 70 Cambodia 
Stainless steel 3 233 Laos 
Plastic 3 233 Laos 
 
A cost-benefit assessment was performed to estimate the net benefit of producing 
vegetables irrigated with a RWHS. The costs associated to vegetable production (Table 6) 
and the following vegetable market prices (USD/kg) were estimated with data collected from 
field surveys: lettuce (0.35), green mustard (0.71), morning glory (1.00), coriander (2.25) and 
spring onion (1.00). We assumed no labor costs because vegetable production is performed 
by the household and does not require hiring external labor due to the limited garden area. 
 
Table 6. Costs associated to vegetable production 
 USD per m2 and per crop cycle USD per m2 and per year 
Fertilizer 0.014  
Seeds 0.118  
Pesticide 0.038  
Shelter  0.435 
 
Using the simulation model, the net benefit of vegetable produced in the garden was 
estimated, assuming that the cost of the storage tank is 50 USD/m3 (cf. Table 5), and that the 
total annual cost associated to vegetable production is 0.85 USD/m2, i.e. (0.014 + 0.118 
+0.038)* 5 cycles (cf. Table 6). Four simulations were performed to assess the net benefits. 
They correspond to pairwise combinations of two different periods of cost depreciation for 
the tank (5 or 10 years), and two different averages of vegetable market prices (1 or 2 
USD/kg). Results are displayed in Figure 13. In these simulations, the garden area is adjusted 
to the tank capacity so as to maximize vegetable yield as shown in Figure 10, assuming a 




Figure 13. Net benefit of vegetable production according to tank capacity of RWHS, tank 
depreciation cost and vegetable market price. Solid curves with markers: mean vegetable 
market price = 1 USD/Kg. Dotted curves: mean vegetable market price = 2 USD/kg. Square 
markers: tank depreciation cost = 5 USD.year-1.m-3 (life expectancy of tank = 10 years). Circle 
markers: tank depreciation cost = 10 USD.year-1.m-3 (life expectancy of tank = 5 years). Bold 
solid curve: minimum garden area that maximizes vegetable yield for a given tank capacity (cf. 
Figure 10). For all simulations, vegetable production cost = 0.85 USD.year-1.m-2, storage 
investment cost = 50 USD.m-3, and roof area = 100 m2 
Figure 13 shows that the gain in net benefit per additional cubic meter of storage capacity 
reduces as storage increases with a threshold around two cubic meters. The net benefit is 
much less sensitive to variations in tank depreciation costs (benefit increases by 12% for a 
50% reduction of the tank depreciation cost) than to changes in vegetable market prices 
(benefit increases by 78% for a 100% increase in the market price of vegetables), and this 
difference in sensitivity tends to increases with larger tank capacities. 
5. Discussion and conclusions 
5.1 Required storage volume 
The simulations showed that the average area of vegetable gardens observed during the 
surveys (i.e. 50 m2) would requires a water storage capacity of at least 7.3 m3 to maximize 
crop yields, assuming 5 production cycles annually during a normal climatic year (Figure 10). 
This storage capacity can be provided by a tank costing around 365 USD (Table 5), not 
affordable by most of smallholder farmers in Laos. In contrast, 0.5 m3 of storage capacity is 
sufficient to maximize vegetable yield in a 50-m2 garden during a normal climatic year if the 
production happens during May and September during the rainy season (Figure 7 and Figure 
8). This comparison highlights the sharp contrast between the water storage capacities 
required during the wet or the dry season to maximize vegetable production. 
5.2 Cost-effective solutions to store small amounts of water 
The cost of a RWHS will vary according to the availability of the material on the market. 
Reducing expenses related to RWHS equipment is made possible by using home-made 
products. For example, the gutter collecting runoff from the roof can be made from 
corrugated iron or bamboo. In this case, particular attention must be paid to the proper 
design and installation of the gutter, to avoid excessive water losses. A review of literature 
shows that all around the world, many RWHS are supported by government subsidies or 
development projects (Peters 2017). This allows increasing water supply for the poorest 





































5.3 Required amount of fruits and vegetables 
The basic daily dietary requirements of fruit and vegetable is estimated to be about 400g for 
an adult (Lock et al 2005; Nicolaï et al 2004). This amount corresponds to an annual 
production of 584 kg of vegetables for a household including four members. With an 
average vegetable yield of 1 kg.m-2 per crop cycle ( 
Table 1) and five crop cycles per year, this amount could be produced in a garden of at least 
117 m2. In the surveyed villages, the area of vegetable gardens was found to average 50 m2. 
This difference should account for the fact that, in Laos, nearly 80% of the population 
consumes less than the daily recommended amount (Hall et al 2009). These observations 
also confirm that a typical household cannot afford a RHWS to irrigate their full annual 
vegetable requirements and should rely on complementary sources of nutrient for their 
consumption. 
5.4 Social acceptability of RWHS 
The village of Ban Phailom located in the province of Savannakhet was selected to organize a 
training to discuss the simulation results and to set-up a demonstration site of dry season 
vegetable garden (Lacombe 2016). This village has to cope with droughts and water scarcity 
during the dry season. Saline and deep groundwater prevents inhabitants from using wells to 
irrigate crops, resulting in very low vegetable production. Accordingly, a RWHS was set up 
using concrete rings to make a tank in the school of the village. Construction material was 
supported by the project. The training organized in Ban Phailom was an opportunity to 
discuss simulation output with the local population. Villagers in Ban Phailom initially did not 
believe in RWHS for agricultural purposes because of the too high cost of a large storage 
tank. This highlight the importance of our results showing that a small storage (<1m3) can 
already make a significant improvement of vegetable production during the wet season, 
increasing crop yield by 50% (Figure 8), in comparison with strict rainfed conditions. 
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